Iron/sulfur cluster (ISC)-containing proteins are essential components of cells. In most eukaryotes, Fe/S clusters are synthesized by the mitochondrial ISC machinery, the cytosolic iron/sulfur assembly system, and, in photosynthetic species, a plastid sulfurmobilization (SUF) system. Here we show that the anaerobic human protozoan parasite Blastocystis, in addition to possessing ISC and iron/sulfur assembly systems, expresses a fused version of the SufC and SufB proteins of prokaryotes that it has acquired by lateral transfer from an archaeon related to the Methanomicrobiales, an important lineage represented in the human gastrointestinal tract microbiome. Although components of the Blastocystis ISC system function within its anaerobic mitochondrion-related organelles and can functionally replace homologues in Trypanosoma brucei, its SufCB protein has similar biochemical properties to its prokaryotic homologues, functions within the parasite's cytosol, and is up-regulated under oxygen stress. Blastocystis is unique among eukaryotic pathogens in having adapted to its parasitic lifestyle by acquiring a SUF system from nonpathogenic Archaea to synthesize Fe/S clusters under oxygen stress.
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iron/sulfur cluster biosynthesis | lateral gene transfer | parasite evolution | sulfur-mobilization machinery | oxygen stress adaptation T he iron/sulfur cluster (ISC) biosynthetic machinery is a fundamental component of cells; more than 110 proteins in Escherichia coli require Fe/S clusters to function, and the number of Fe/S proteins in eukaryotes is even greater (1) . Fe/S proteins are responsible for central functions in enzymatic catalysis, electron transport, photosynthesis, nitrogen fixation, and the regulation of gene expression (2, 3) , and they are found in all compartments of the eukaryotic cell. Assembly of Fe/S clusters in vitro occurs spontaneously under favorable conditions when large amounts of free iron and sulfide are available. However, in vivo, these elements are toxic to cells (4); thus, their concentrations for the various cellular processes have to be tightly regulated. The assembly of Fe/S clusters is a complex process involving a host of different systems, each made up of numerous specific proteins that are widespread across the tree of life (5, 6) . In eukaryotes, Fe/S proteins are assembled by several different systems, including the ISC assembly and the sulfur-mobilization (SUF) machineries, which are found only in mitochondria and plastids, respectively. Two exceptions to this rule are found in Entamoeba histolytica and Mastigamoeba balamuthi, which possess nitrogen fixation-type Fe/S systems, although the subcellular localizations of these systems remain controversial (7, 8) . The maturation of cytosolic and nuclear Fe/S proteins in eukaryotes is typically dependent on the cytosolic iron/sulfur assembly (CIA) machinery, which is essential in yeast and is found in all eukaryotes investigated so far (9) .
We have chosen to investigate the Fe/S cluster biogenesis systems of Blastocystis spp., a poorly studied unicellular anaerobic intestinal parasite of humans (10) . Blastocystis has unusual mitochondrion-related organelles (MROs) that contain cristae and DNA, but appear to lack classical aerobic mitochondrial pathways and function in the complete absence of oxygen (10, 11) . To clarify the functions of these organelles, the first broad transcriptomic (12) and genomic (13) studies of Blastocystis were recently completed; these studies have identified 115 and 360 genes, respectively, encoding putative mitochondrial and hydrogenosomal proteins. Among these were mitochondrial ISC system proteins (12) (13) (14) (15) , suggesting that Fe/S cluster biogenesis is a core function of Blastocystis MROs. Components of the CIA machinery have also been identified in the Blastocystis transcriptome. More unexpectedly, a partial sequence of a putative sufC gene was also identified in the Blastocystis transcriptomic data, suggestive of the existence of alternative and/or complementary Fe/S cluster biosynthetic machinery in this organism.
Here we investigate in detail the makeup, cellular locations, and functions of the various Fe/S cluster biogenetic systems in Blastocystis by using protein structural prediction, phylogenetic analyses, cellular localization, gene expression, genetic complementation, and/or biochemical investigations of members of the ISC machinery along with the putative SUF protein.
Results and Discussion
The Blastocystis SUF System Is a Unique Acquisition. We identified a Blastocystis SufCB fused protein (SI Appendix, Fig. S1 ), herein referred to as Bh-SufCB, with domains homologous to the proteins encoded by the sufC and sufB genes of the sufCB operon of some bacteria and archaea (SI Appendix, Fig. S2 ). Phylogenetic analyses (SI Appendix, Supplementary Results) demonstrated that both domains of the fused Bh-SufCB protein cluster within a distinct group of homologues from the anaerobic or thermophilic archaea and bacteria (SI Appendix, Figs. S3 and S4), with closest affinities to the Methanomicrobiales ( Fig. 1 and SI Appendix, Fig. S5 ). The Bh-SufCB protein shares a number of specific sequence features with these organisms (SI Appendix, Fig. S5 ), and hence it seems that Blastocystis has acquired its sufCB gene by lateral gene transfer (LGT) from a relative of the Methanomicrobiales. Recent studies have shown a rich phylogenetic diversity of these methane-producing anaerobic archaea in the gastrointestinal tract of humans (16) , a habitat also occupied by Blastocystis. Consequently, it is likely that, within such an environment, an ancestor of Blastocystis acquired a sufCB operon from a methanoarchaeon gastrointestinal tract inhabitant and incorporated it into its genome; the transfer was then followed by point mutations and/or deletions that converted the two genes into a single ORF. Fusions of genes acquired by LGT corresponding to operons in bacteria have been documented in eukaryotes previously (17) (18) (19) , and it may turn out to be a common mode of LGT-mediated adaptation. An extensive genome/ transcriptome-wide analysis of multiple Blastocystis genomes is needed to determine if other gene(s) have been laterally acquired from this division of Archaea, as LGT was recently suggested to contribute to the adaptation of Blastocystis to its parasitic lifestyle (13) .
The Bh-SufCB Protein Is Localized in Cytosol and Functions in Fe/S Protein Maturation. Not only does the Bh-SufCB protein have a genetic organization (SI Appendix, Fig. S2 ) and an origin that is completely distinct from the SUF system of photosynthetic eukaryotes, it also functions in a different cellular context. Western blot analysis of subcellular fractions (SI Appendix, Fig. S10E ), immunofluorescence microscopy ( Fig. 2 A-F) , and immunogold EM (Fig. 2 G and H and SI Appendix, Fig. S11 ) experiments show that Bh-SufCB functions within the parasite's cytosol, not within plastids like in photosynthetic eukaryotes (20) (21) (22) . This is particularly intriguing because Blastocystis also encodes homologues of components of the CIA machinery (also likely localized in the cytosol) that, in yeast, are responsible for the maintenance of the cytosolic and nuclear Fe/S proteins (6) .
It is currently impossible to manipulate Blastocystis genetically. Thus, to determine if the Bh-SufCB could function in the maturation of Fe/S proteins in vivo, we employed two E. coli Fe/S cluster dependent transcriptional regulators, IscR and NsrR, as reporters for Fe/S protein maturation in E. coli. A vector expressing the BhSufCB protein was introduced in two E. coli strains: one carrying the lacZ reporter gene fused to a gene whose expression is repressed by the Fe/S bound form of IscR, iscR (piscR::lacZ); and the second one carrying the lacZ reporter gene fused to hmpA gene (phmpA::lacZ), whose expression is repressed by the Fe/S-bound form of NsrR (SI Appendix) (23, 24) . Both strains were defective for ISC (ΔiscAU) and SUF (ΔsufCD) biogenesis pathways, and contain the eukaryotic mevalonate-dependent pathway that does not depend on Fe/S enzymes (25) . These strains are incapable of synthesizing Fe/S clusters, and thus IscR and NsrR both remain in their "apo" form (i.e., lacking Fe/S cluster), and thus they do not block the transcription of piscR::lacZ and phmpA::lacZ fusions, respectively (SI Appendix, Fig. S6 , empty vector). Transformation of these strains with the pBAD vector expressing the E. coli sufABCDSE operon caused a drastic decrease in piscR::lacZ and phmpA::lacZ fusions expression (∼80% for each), showing that Fe/S biogenesis (and thus maturation of IscR and NsrR) was restored by the SUF system (SI Appendix, Fig. S6 ). When the analogous experiment was performed by introducing the pBAD Bh-sufCB, decreased expression of the phmpA::lacZ (30%) and the piscR::lacZ (19%) lacZ fusions was observed (SI Appendix, Fig.  S6 ). Therefore, in the absence of functional native ISC and SUF scaffolds, Bh-SufCB is able to partially restore NsrR and IscR maturation by assembling their Fe/S clusters, albeit less efficiently than the native E. coli SUF system. The Bh-SufCB Protein Displays Similar Properties in Vitro to E. coli SufBC 2 D. To provide further evidence that Bh-SufCB is involved in Fe/S protein maturation, we performed in vitro studies on the purified Bh-SufCB protein. Bh-SufCB expression in E. coli cells led to the production of insoluble protein in inclusion bodies, regardless of the growth conditions used. Therefore, we purified Bh-SufCB from inclusion bodies onto an Ni-NTA column and checked that the protein was correctly refolded by circular dichroism (SI Appendix, Fig. S7 ). In SDS/PAGE electrophoresis, the unfolded pure protein migrates at a size close to 77 kDa, in agreement with the predicted molecular weight. The refolded protein, that exists in a dimeric form (∼154 kDa) as determined by analytical size exclusion chromatography, was then assayed for several properties that were previously used to characterize the E. coli SufBC 2 D complex (26) . The cysteine desulfurase activity of SufSE from E. coli in the presence of Bh-SufCB was first measured (Fig. 3A) . The E. coli SufBC 2 D complex and BhSufCB protein enhanced the cysteine desulfurase activity of E. coli SufSE complex by a factor of two (Fig. 3A) , and, as expected, the Bh-SufCB, like SufBC 2 D, displays no cysteine desulfurase activity in the absence of SufSE (26) . In a control experiment, no enhancement of the SufSE cysteine desulfurase activity was 
. coli, all of which, as Fe/S clusterbinding proteins, might potentially increase cysteine desulfurase activity. Thus, like the E. coli SufBC 2 D complex, the refolded Bh-SufCB protein specifically recognizes SufSE and stimulates its cysteine desulfurase activity.
Bh-SufCB was found to exhibit an ATPase activity at pH 7.5 in the presence of MgCl 2 measured by the release of P i (SI Appendix, Supplementary Results). A steady-state kinetic analysis of the production of P i catalyzed by Bh-SufCB is shown in Fig. 3B . Kinetic parameters could be estimated because the experimental values fit the following equation, indicating that the enzyme displays canonical Michaelis-Menten kinetics.
For Bh-SufCB, the V max value was 0.049 μmol of inorganic phosphate per minute per milligram protein, and the K m value for ATP was 196 μM (Fig. 3B) Inclusion bodies obtained from Bh-SufCB-expressing cells were red-brown in color, and, during purification, a slight pale pink color remained, suggesting the presence of an Fe/S cluster within Bh-SufCB. However, iron and sulfur composition analysis revealed only 0.1 ± 0.05 Fe and 0.08 ± 0.03 S per protein suggesting that an Fe/S cluster was lost during purification as is often observed. Therefore, we tested the ability of Bh-SufCB to assemble a full Fe/S cluster by incubating the isolated refolded Bh-SufCB protein in the apo-form with a sixfold molar excess of ferrous iron and sodium sulfide under anaerobic conditions for 5 h. After desalting to remove unbound iron and sulfide, the protein solution was analyzed by UV-visible spectroscopy and for its iron and sulfur content. The UV spectrum of the chemically reconstituted Bh-SufCB [Bh-SufCB-(Fe/S)] is characteristic of a (4Fe-4S) 2+ cluster containing protein with a unique absorption band at 420 nm (SI Appendix, Fig. S8 ). Iron and sulfur composition analysis showed an average of 4.2 ± 0.2 Fe atoms per dimer and a slightly higher amount of S (4.5 ± 0.3 sulfur atoms per dimer), as previously observed for E. coli SufBC 2 D (26). Reduction with dithionite under anaerobic conditions led to a rapid bleaching of the solution. During this reaction, the initial electron paramagnetic resonance silent protein was converted to a S=1/2 species, characterized by an axial electron paramagnetic resonance signal with g values at 2.04(1) and 1.92(9) (SI Appendix, Fig. S8, Inset) . Temperature dependence and microwave power saturation properties of the signal were in agreement with the presence of a (4Fe-4S) +1 center that accounts for 40% of total iron.
We then investigated the ability of Bh-SufCB to transfer its Fe/ S cluster to E. coli aconitase B (AcnB), a (4Fe-4S) protein. A stoichiometric amount of Bh-SufCB-(Fe/S) was incubated with apo-AcnB to provide a sufficient amount of Fe/S to fully maturate AcnB. As shown in Fig. 3C , aconitase activation was observed when the apo-protein was incubated with (Fe/S)-Bh-SufCB for 20 min. Addition of increasing concentration of a strong chelator, bathophenanthroline, to the reaction mixture had very little effect on the Fe/S cluster transfer from Bh-SufCB to apo-AcnB as AcnB still remains fully active. On the contrary, the chelator completely inhibited the chemical reconstitution of apo-AcnB performed by using 5× molar excess of iron and sulfide in the presence of DTT. This experiment unambiguously demonstrates that the BhSufCB protein can function as a scaffold Fe/S protein.
Finally, we analyzed the flavin-binding properties of the refolded Bh-SufCB. When E. coli SufBC 2 D complex is anaerobically purified from E. coli, it has a bound FADH 2 molecule (0.8 ± 0.1 mol FADH 2 /mol of complex). Alternatively, the same complex can be reconstituted from an apo-form by incubation with an excess of FADH 2 and desalting under anaerobic conditions, leading to a complex containing 0.86 ± 0.1 equivalent of FADH 2 (26) . Under similar conditions, Bh-SufCB failed to bind FADH 2 (Fig. 3D) , consistent with the absence of the flavin-binding residues observed in the sequence analyses of Bh-SufCB (SI Appendix, Fig. S9 ).
The ISC System Is Localized in Blastocystis MROs. In addition to the Blastocystis SUF machinery, we sought to investigate the localization and function of its putative mitochondrial ISC system previously suggested to function within its biochemically unique anaerobic MRO (12, 13) . The unusual properties of the Blastocystis MRO raises questions about the localization and functionality of its ISC machinery, especially because recent studies have shown that other parasitic anaerobic protists with MROs, including the microsporidian Trachipleistophora hominis and the amoebozoan Entamoeba histolytica, may have relocated some components of their Fe/S cluster biosynthetic machinery into the cytosol (7, 27) . Our investigations reveal that Blastocystis possesses homologues of nearly all components of the mitochondrial ISC machinery in yeast (SI Appendix, Table S1 ). Moreover, in the Blastocystis transcriptome, we identified components of the CIA machinery such as Cia1, Nbp35, and Nar1. Although targeting prediction programs suggested that some of the ISC components are targeted to Blastocystis MROs (SI Appendix, Table S1), the limited predictive power of these programs when applied to diverse lineages of microbial eukaryotes led us to conduct thorough experimental investigations.
Immunofluorescence analyses (SI Appendix, Supplementary Results) showed that heterologous antibodies against Blastocystis IscS, IscU, and frataxin (SI Appendix, Fig. S10 B-D) colocalized with the mitochondrial marker dye MitoTracker (Fig. 4 A-D and SI Appendix, Fig. S12 ), demonstrating that core elements of the ISC biosynthetic machinery function within the Blastocystis MROs, similar to mitochondria and mitochondrion-related organelles of most eukaryotes (3, 28) . Although the primary sequences of these proteins have conserved sequence features associated with canonical eukaryotic ISC functions (SI Appendix, Figs. S13-S15), we sought more direct evidence of their activities. To characterize the above proteins, full-length copies of Blastocystis frataxin, iscU, and iscS genes were amplified from cDNA and were cloned into the pABPURO vector for transfection into Trypanosoma brucei (Tb). Upon linearization, the constructs were introduced into the 29-13 procyclic Tb cells, in which the expression of the Tb frataxin (29), or IscU or IscS (30), was ablated by inducible RNAi. The empty pABPURO vector and Tb-frataxin, Tb-IscU, or Tb-IscS RNAi knock-down cells were used as controls. Although the Bh-frataxin and Bh-IscS transfections were successful, repeated attempts to transfect the Tb procyclic cells with the pABPURO vector containing Bh-IscU were unsuccessful. To overcome this problem, we used different strategies involving alternative targeting sequences at the Nterminal sequence of Bh-IscU [an approach that has been successful in Tb rescued with human frataxin (31)], which also failed. After the addition of tetracycline, which triggers RNAi, growth of the Tb-frataxin and Tb-IscS knock-down controls virtually stopped at day 5 postinduction (SI Appendix, Figs. S16 and S17), as, in the absence of these proteins, the cells cease dividing and eventually die (29, 30) . However, the procyclic trypanosomes in which RNAi-ablated Tb-frataxin was replaced by Bh-frataxin in trans retained almost the same growth as their noninduced counterparts (SI Appendix, Fig. S16 ), suggesting that Bh frataxin can replace the Tb homologue. In contrast, no obvious rescue of growth was observed for Bh-IscS introduced into the inducible TbIscS RNAi background (SI Appendix, Fig. S17 ), likely a consequence of the failure of Bh-IscS to function in the context of the heterologous Tb ISC machinery. Specifically, IscS is known to closely interact with the ISC protein Isd11 in yeast (32, 33) , humans (33) , and probably other eukaryotes (34) , including Tb (35). Therefore, it is possible that Bh-IscS is unable to form a functional complex with Tb-Isd11. If this hypothesis were correct, growth of the RNAi-induced Tb-IscS knock-down may be restored by the parallel introduction of Bh-IscS and its probable native binding partner (as detailed later). However, no Isd11 homologue could be identified among the Blastocystis ESTs, nor could we amplify it by degenerate PCR. Fortunately, in the recently sequenced genome of the diatom Phaeodactylum tricornutum, a stramenopile relative of Blastocystis, we identified a fulllength Isd11 homologue (Pt-Isd11). On the assumption that Pt-Isd11 may more closely resemble the Bh orthologue than the Tb-Isd11 (SI Appendix, Fig. S18 ), we amplified full-length Pt-Isd11 and cloned it into the Tb pCF-4 vector. Tb-IscS RNAi procyclic trypanosomes expressing Bh-IscS were transfected with Pt-Isd11 or an empty PCF-4 vector used as a control. Cells depleted for TbIscS and coexpressing Bh-IscS and Pt-Isd11 showed partial growth rescue relative to their noninduced counterparts (SI Appendix, Fig.  S17 ), whereas no rescue was observed in cells transfected with BhIscS and the empty pCF-4 vector control (SI Appendix, Fig. S17 ).
The rescued growth phenotype (SI Appendix, Figs. S16 and S17) indicates that Bh-frataxin and Bh-IscS plus Pt-Isd11 can partially replace the function of Tb-frataxin and Tb-IscS in the Tb mitochondrion. As previous studies have shown that the down-regulation of Tb-frataxin and Tb-IscS causes a disruption of Fe/S cluster assembly (29, 36) , it is likely that this function is provided in trans by the Blastocystis homologue. To verify this assumption, we measured activities of several previously described Fe/S cluster-containing enzymes with mitochondrial and/ or cytosolic localization (29, 37) . Activity of the mitochondrial Fe/S cluster-containing aconitase dropped to less than 20% of the WT activity in the RNAi-induced Tb-frataxin (SI Appendix, Fig. S16 ) and in the RNAi-induced Tb-IscS knock-down cells (SI Appendix, Fig. S17 ) or in the corresponding cells transfected with an empty pABPURO vector (SI Appendix, Figs. S16 and S17). However, in cells expressing Bh-frataxin or Bh-IscS plus Pt-Isd11, respectively, aconitase activity increased to approximately 80% to 90% of the WT level (SI Appendix, Figs. S16 and S17). Similarly, the activities of the mitochondrial enzymes fumarase and succinate dehydrogenase (respiratory complex II) in the RNAiinduced cells transfected with either of these constructs were three to four times higher than in their absence ( Fig. 4E and SI Appendix, Figs. S16 and S17). Surprisingly, in the RNAi-induced Tb-IscS cells coexpressing Bh-IscS plus Pt-Isd11, the enzymatic activities reached ∼125% of those from the noninduced cells. The lowered activity of the noninduced cells relative to vectoronly controls is likely a result of nonfunctional hybrid IscS-Isd11 complexes formed between Trypanosoma and Blastocystis or Phaeodactylum proteins. In any case, as expected, the activity of the control Fe/S cluster-lacking enzyme threonine dehydrogenase was similar in the studied cell lines and the controls (SI Appendix, Figs. S16 and S17). In summary, these data suggest that Blastocystis ISC homologues (IscS and frataxin) are conserved, located in MROs, and can functionally replace the Trypanosoma brucei homologues in Fe/S cluster biogenesis. Our data also tentatively supports the possibility that Blastocystis IscS functions through interaction with an Isd11 homologue in its MROs. Because we were unable to find an Isd11 homologue in the transcriptomic data from this organism or in the published Blastocystis subtype 7 genome (13), the possibility of an IscS-Isd11 interaction in Blastocystis will require further experimental investigation.
Oxygen-Stress Up-Regulates the SUF System. Collectively, our results demonstrate that at least two (and likely three, including the CIA system) conserved and functional Fe/S cluster biosynthetic systems coexist in the Blastocystis cell (SI Appendix, Fig.  S19 ). This leads naturally to the question of why such apparent redundancy in Fe/S biogenesis systems has evolved in this anaerobic microbial eukaryote. We hypothesize that Blastocystis acquired the SUF machinery by LGT as a unique adaptation to support the metabolic requirements of its distinctive anaerobic lifestyle. For example, the hydrogenosome-like metabolism in the Blastocystis MRO involves the activities of oxygen-sensitive Fe/S enzymes such as pyruvate:ferredoxin oxidoreductase, [FeFe]-hydrogenase, and ferredoxins (12) . It is possible that Blastocystis, like some prokaryotes, uses its alternative SUF system to support and/or repair its Fe/S clusters under stress conditions (20, 38) , a hypothesis supported by our observation that Bh-sufCB is highly up-regulated under oxygen stress (SI Appendix, Fig. S20) , whereas the expression level of ISC components and several Fe/S proteins remained constant under these conditions. Enhanced expression of the Bh-sufCB gene could mitigate the degradation of Fe/S clusters damaged by oxidative stress; Bh-SufCB could thus provide the necessary substrate for the repair of the damaged Fe/S clusters and subsequent recovery of the Fe/S proteins (SI Appendix, Fig. S19 ). If so, it is possible that similar SUF systems could be discovered in other poorly studied anaerobic protistan lineages. In addition, as this machinery is unique among plastid-lacking eukaryotes, it could be used as a potential drug-target for Blastocystis, which has been linked to gastrointestinal disease in humans (39) .
Conclusions
We have demonstrated that, uniquely among plastid-lacking eukaryotes, Blastocystis has acquired a sufCB gene by LGT from a Methanobacteriales archaeon that was likely part of the gut microbiome of its host. We hypothesize this served as a protective adaptation to exposure to atmospheric oxygen, a stressful environment that the parasite encounters during its transmission to a new host. Unlike photosynthetic eukaryotes in which components of the SUF machinery function within their plastids, the unique Bh-SufCB fusion protein is localized in the cytosol, is capable of functioning in Fe/S biogenesis in vivo in E. coli and in vitro, and may aid in the repair of Fe/S proteins after exposure to oxygen.
Materials and Methods
Western blot analyses were used to determine the specificity of antibodies raised against IscS of Trichomonas vaginalis (36), IscU of Giardia intestinalis (40), Frataxin of Tb (29) , and SufC of Erwinia chrysanthemi (41) in Blastocystis protein extracts as previously described (42) . To determine the cellular localization of these proteins, we used confocal immunofluorescence analyses, and, additionally, in the case of Bh-SufCB, immunogold transmission EM. For the Tb complementation studies, full-length Blastocystis iscs and frataxin genes were cloned into the pABPURO vector. After linearization, the vectors were transfected into Tb knockdown strains. The rescued strains were tested for complementation by measuring the activities of mitochondrial and cytosolic Fe/S enzymes as demonstrated earlier (29) . In the case of Bh-SufCB, functional characterization of the protein was performed to determine the FADH 2 binding affinities of the protein, the presence of an ATPase activity, and its capacity to interact with a cysteine desulfurase as described for E. coli homologues (26) . Genetic complementation of E. coli ISC and SUF KO strains by Bh-SufCB was assessed through reporter gene repression assays (43) . For the phylogenetic analyses, selected sequences of the orthologous genes were obtained from GenBank and other databases and aligned. The alignments were manually trimmed and subsequently analyzed. To assay transcriptional expression, total RNA was isolated using TRIzol (Invitrogen) and reverse-transcribed. Quantitative reverse transcriptase-PCR assays were performed. Detailed procedures are described in the SI Appendix.
